Emodin is a natural anthraquinone derivative with numerous beneficial effects, including antioxidant properties, anti-tumor activities, and protecting the nerves. Zinc-induced neurotoxicity plays a crucial role in the pathogenesis of vascular dementia (VD) and Parkinson's disease (PD). Here, the protective activity of emodin inhibiting zinc-induced neurotoxicity and its molecular mechanisms such as cellular Zn 2+ influx and zinc-induced gene expression were examined using human neuroblastoma cells (SH-SY5Y cells). Our findings showed that emodin obviously enhanced cell viability and reduced cell apoptosis and lactate dehydrogenase release. Bedsides, we detected a decrease of intracellular Zn 2+ concentration after SH-SY5Y cells were pretreated with emodin. Simultaneously, the expression of zinc transporter-1, metallothionein-1, and metallothionein-2 were weakened in emodin-pretreated SH-SY5Y cells. In addition, emodin prevented the depletion of NAD+ and ATP induced by zinc. Emodin also reduced intracellular reactive oxygen species and endoplasmic reticulum-stress levels. Strikingly, emodin elevated SH-SY5Y cell viability and inhibited cell apoptosis caused by AMP-activated protein kinase signaling pathway activation. Thus, emodin could protect against neurotoxicity induced by Zn 2+ in neuroblastoma SH-SY5Y cells. It is expected to have future therapeutic potential for VD or PD and other neurodegenerative diseases.
Introduction
The incidence of senile dementia is increasing in a rapidly aging world. Approximately 65.7 million people will be living with senile dementia by 2030 [1]. Parkinson's disease (PD) is a neurodegenerative disease characterized by the progressive loss of dopaminergic neurons in the substantia nigra. Vascular dementia (VD) is a type of dementia due to cerebrovascular lesions. As the pathogenesis underlying VD and PD remains unclear, there are few clinical preventive measures at present. Thus, it is urgently to study the potential pathogenesis of VD or PD and to find drugs to prevent or treat senile dementia.
Studies found that the excessive entry of zinc (Zn 2+ ) into neurons is critical to ischemia-induced neuronal death and, eventually, contributes to the pathogenesis of VD and PD [2] [3] [4] . Kim and co-workers [5] indicated that elevation of intracellular Zn 2+ level induced various functional abnormalities of neurons, ultimately leading to the toxicity and death of neurons. Excessive Zn 2+ has been also reported to reduce cellular nicotinamide adenine dinucleotide (NAD+) level, and thus resulting in inhibition of ATP and failure of energy [6, 7] . Furthermore, it has been shown that Zn 2+ produces reactive oxygen species (ROS) and induces oxidative damage resulting from mitochondrial impairments [8] . Thus, ATP depletion and ROS production in neuron cells characterize zinc-induced neurotoxicity.
Emodin (1, 3, 8-trihydroxy-6-methylan-thraquinone), a natural anthraquinone derivative extracted from polygonum multiflorum, rhubarb, or alose, has been demonstrated to possess multiple biological functions, such as antioxidant [9] and antitumor [10] properties. Increasing evidence have suggested that emodin has neuroprotective effects. Emodin may prevent the formation of atherosclerotic plaques [11, 12] , reduce neuron cells apoptosis [13] , and inhibit glutamate toxicity [14, 15] . However, the role and mechanism of emodin in zinc-induced neurotoxicity have not been clarified.
The present study is aimed to investigate the potential protective activity of emodin on zinc-induced neurotoxicity. Furthermore, the potential molecular mechanisms were also explored in SHSY5Y neuroblastoma cells, ultimately providing clues for novel VD and PD treatments.
Materials and methods

Cell culture
Human neuroblastoma SH-SY5Y cells (obtained from American Type Culture Collection, Manassas, VA) were grown in complete minimum essential medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum and 100 U/ml streptomycin. After trypsin digestion, cells were resuspended in serum-free medium, distributed into culture dishes, and cultured in a humidified incubator (5% CO 2 ) at 37
• C.
Neurotoxicity experiments
Cell viability was assessed as previously described [16] . Dissociated SH-SY5Y cells were distributed into 96-well culture plates at a concentration of 5 × 10 4 cells per well in 200 μl culture medium. After 24-h incubation, cells were treated with various concentrations of emodin (0, 5, 10, 20, 50 μM) prior to the addition of ZnSO 4 (200 μM) to the medium for 1 h, the exposing to Zn 2+ was terminated by replacing Zn 2+ -containing medium with fresh serum-free medium, and then cell viability was quantified using a WST-based cell counting kit (MedChemexpress, Jersey, U.S.A.). Absorbances of treated samples were measured against a blank control using an iMark microplate absorbance reader (Bio-Rad, Hercules, CA, U.S.A.) at 450 nm wavelength. On the other hand, SH-SY5Y cells were fixed with 0.5 ml of 95% (v/v) ethanol, and then rinsed twice with phosphate-buffered saline (PBS). The degree of cellular apoptosis was analyzed via using an ApoBrdU DNA fragmentation assay kit (BioVision, Mountain View, CA, U.S.A) and an annexin V-FITC/PI apoptosis detection kit (Abcam, Cambridge, U.K.), following the manufacturer's instructions. The apoptotic rate was measured as the percentage of TUNEL-positive cells or FITC+/PI-cells to the total number of cells under 100× magnification.
The lack of membrane integrity associated with necrosis was also assessed by measuring the leakage of lactate dehydrogenase (LDH). The supernatant was collected 1 h after exposing to Zn 2+ , and then cells were lysed in 1% Triton X-100 for the determination of total LDH. The release of LDH was measured by using the LDH-cytotoxicity assay kit (Biovision, San Francisco Bay Area, U.S.A.) as described by the manufacturer.
Quantification of intracellular Zn 2+ levels
Concentrations of Zn 2+ in SH-SY5Y cells were measured using a zinc assay kit (Sigma, St. Louis, MO, U.S.A.), according to the manufacturer's instruction. SH-SY5Y cells were cultured in 96-well plates as described above. To evaluate the effects of emodin on Zn 2+ levels, cells were pretreated with 20 μM of emodin for 24 h and exposed to 200 μM of ZnSO 4 for 1 h.
RNA extraction and quantitative real-time reverse transcription PCR
Total RNA was extracted from the treated SH-SY5Y cells with TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.). First-strand cDNA was synthesized from 4 μg of total RNA. Quantitative real-time reverse transcription PCR (RT-qPCR) was performed to determine expression levels of metallothionein (MT1 and MT2) and ZnT1, as well as endoplasmic reticulum stress-related proteins including CHOP, GADD34, and ATF4. mRNA levels of these proteins were normalized relative to β-actin mRNA level in each sample. RT-qPCR was conducted using SYBR Premix Ex Taq™ (Takara, Dalian, China) at 95
• C for 1 min, followed by 35 cycles of 95
• C for 20 s and 58
• C for 1 min in the ABI StepOnePlus Real-time PCR system. The relative fold changes in mRNA expression were calculated using the 2 − CT method. The primers used for RT-qPCR analysis were listed in Table 1 .
Protein extraction and Western blot analysis
SH-SY5Y cells grown in 12-well culture plates (1 × 10 6 cells/well) were lysed with 200 μl 10 mM TRIzol (Invitrogen, CA, U.S.A.). Total proteins from each lysate were separated by SDS-PAGE and transferred onto PVDF membranes and then blocked with 5% non-fat milk for 1 h. Following by probing with the indicated primary antibodies at 4
• C with gentle shaking overnight and horseradish peroxidase (HRP)-conjugated secondary antibodies (Abcam, Cambridge, MA, U.S.A.). The proteins were visualized by chemiluminescence, and signals were quantified by ImageJ software. Antibodies used in the present study are as follows p-ACC (CST, Boston, MA, U.S.A.; cat. no. 3661); ACC (CST, 
Measurement of NAD+
Intracellular NAD+ levels were measured using the EnzyChrom NAD+/NADH assay kit (BioAssay Systems, Hayward, CA, U.S.A.). SH-SY5Y cells were washed with PBS, and then lysed with the supplied NAD extraction buffer. NAD+ was extracted from the lysate according to the manufacturer's protocol. The measurement of NAD+ is based on an alcohol dehydrogenase cycling reaction. The change in absorbance at 565 nm for 15 min at room temperature was measured.
Measurement of ATP
SH-SY5Y cells were treated with emodin (20 μM) for 24 h, and then the culture medium was removed, stored, and replaced by HEPES buffer. Cells were incubated with ZnSO 4 (200 μM) for 1 h at 37
• C in HEPES buffer. After washing, the initially stored culture medium was added to cells for 1 h. The cells were lysed with 10 mM Tris-HCl (pH 7.8), and ATP content was determined using a quantitative bioluminescent assay (Sigma, St. Louis, MO, U.S.A.) according to the instructions of the manufacturer and an iMark microplate absorbance reader (Bio-Rad, Hercules, CA, U.S.A.).
ROS detection
SH-SY5Y cells were digested (5 × 10 6 /ml) and incubated in 10 μM DCFH-DA (Sigma, St. Louis, MO, U.S.A.) probe diluted by the serum-free medium at 37
• C for 20 min. After being washed for three times, the cells were tested on iMark microplate absorbance reader (Bio-Rad, Hercules, CA, U.S.A.) using 488 nm excitation wavelength.
Statistical analysis
The data are expressed as means + − SEM and each experiment was performed in triplicate in the present study. After the homogeneity test for variance, comparisons between groups were performed by one-way analysis of variance (ANOVA) using SPSS 22.0 software, and then post-hoc test was determined by LSD test. A significant difference was indicated when the P-value < 0.05.
Result Protective activity of emodin against zinc-induced neurotoxicity
To investigate whether emodin exerts protective effects against zinc-induced neurotoxicity, neuroblastoma SH-SY5Y cells were pretreated with various concentrations of emodin (0.5, 10, 20, 50 μM) for 24 h, followed by exposing to ZnSO 4 (200 μM) for 1 h. Our results showed that emodin obviously reduced SH-SY5Y cell apoptosis under different concentrations. As shown in Figure 1A , pretreatment with emodin rescued SH-SY5Y cells from Zn 2+ neurotoxicity. Cell viability of SH-SY5Y cells was improved with increasing concentration of emodin. Additionally, LDH release and the level of SH-SY5Y cell apoptosis were decreased due to the pretreatment of emodin ( Figure 1B,C) . Furthermore, 
Emodin suppressed Zn 2+ influx into SH-SY5Y cells
Entry of Zn 2+ into neurons is thought to be a critical step of Zn 2+ neurotoxicity [17, 18] . Therefore, we examined whether emodin affected the entry of Zn 2+ into SH-SY5Y cells. The results implied that emodin decreased the elevation of intracellular Zn 2+ levels induce by Zn 2+ exposure (Figure 2A ). Furthermore, we analyzed the expression of zinc transporter families including MT1, MT2 and metal-binding proteins such as metallothionein 1(MT1) genes in SH-SY5Y cells. Our findings showed that the mRNA levels of MT1 ( Figure 2B ), MT2 ( Figure 2C ), and ZnT-1 ( Figure  2D ) were significantly increased after 1 h of Zn 2+ treatment, while emodin markedly attenuated this induction.
Emodin prevents zinc-induced depletion of intracellular NAD+ and ATP
It has been widely recognized that Zn 2+ overload in neurons can cause reduction of intracellular NAD+ and ATP [6, 7] . Therefore, to examine the effects of emodin on zinc-induced NAD+ and ATP depletion, we measured intracellular NAD+ and ATP levels. As shown in Figure 3A ,B, Zn 2+ drastically suppressed intracellular NAD+ and ATP levels. Pretreatment with emodin significantly prevented the depletion of NAD+ ( Figure 3A ) and ATP ( Figure 3B ) caused by 200 μM Zn 2+ exposure.
Emodin against zinc-induced production of reactive oxygen species and endoplasmic reticulum-stress
We then detected the ROS content, which is related to oxidative stress, neurodegeneration and aging [19] . The data showed that treatment with ZnSO 4 promoted generation of ROS in SH-SY5Y cells, and emodin obviously suppressed zinc-induced ROS production ( Figure 4A ). On the other hand, it is widely accepted that ER-stress causes cell death via the accumulation of misfolded or unfolded proteins [20] . ER-stress is related to the pathogenesis of various neurodegenerative diseases such as PD, Alzheimer's disease (AD), and ischemia-induced neurodegeneration [21, 22] . Therefore, we also examined the mRNA levels of three proteins related to ER-stress, including C/EBP homologous protein (CHOP), growth arrest and DNA damage inducible gene 34 (GADD34), and activating transcription factor 4 (AFT4). Our findings displayed that the expression of CHOP ( Figure 4B ), GADD34 ( Figure 4C ), and ATF4 ( Figure 4D ) were obviously enhanced compared with the control groups after exposed to Zn 2+ . Fortunately, emodin significantly decreased the zinc-induced CHOP, GADD34, and ATF4 protein expression.
Zinc-induced AMPK/ACC activation was inhibited by emodin
Studies have shown that AMPK and ACC were involved in cytotoxicity and cell death [23] [24] [25] . Thus, we further investigated the AMPK and ACC expression of zinc-exposed SH-SY5Y cells in the presence or absence of emodin (20 μM) . The Western blot analysis displayed that the phosphorylation levels of ACC ( Figure 5A ) and AMPK ( Figure 5B ) in SH-SY5Y cells pretreated with emodin were obviously lower than that treated with Zn 2+ alone. In addition, activation of the AMPK signaling pathway using AMPK signaling pathway activator (A769662) partially weakened the protective activity of emodin against zinc-induced neurotoxicity ( Figure 5C-F) . These findings suggest that emodin partially avoids zinc-induced neuronal death through regulating the AMPK signaling pathway. 
Discussion
Emodin has a significant role in preventing hypoxic-ischemic neuronal injury [26] . Gu et al. [15] suggested that emodin inhibited the excitatory postsynaptic potential by decreasing the release of glutamate. Moreover, Ca 2+ signal transduction of smooth muscle cells and Ca 2+ concentration of cardiomyocytes could be regulated by emodin [27, 28] . Notably, recent researches showed that Ca 2+ and Zn 2+ synergistically caused neurotoxicity [29] . However, the role and mechanism of emodin in zinc-induced neurotoxicity have not been elucidated. This investigation shows that emodin reduces apoptosis induced by excessive Zn 2+ in human neuroblastoma SH-SY5Y cells with elevation of cellular ATP and suppression of ROS and ER-stress and the AMPK signaling pathway (Figures 1-5) .
To date, entry of Zn 2+ into neurons has been thought to be a critical step of Zn 2+ neurotoxicity [17] . Zn 2+ transport into or out of neurons has been reported to be regulated by various molecules including calcium-permeable AMPA/Kainate channels [30] , transient receptor potential channels (TRP channels) [31] , Na + /Zn 2+ exchanger [32] , and zinc transporters [18] . Evidence suggests that zinc transporter families, ZIP, ZnTs, and metal-binding proteins such as metallothionein (MT) play important roles in Zn 2+ homeostasis in the brain [18] . ZnT-1 [33] , MT1, and MT2 [34] were used to transport and eliminate excess zinc in the cytoplasm, and may be associated with toxic Zn 2+ levels. We demonstrated here that emodin decreased the concentration of intracellular Zn 2+ after Zn 2+ exposure and weakened the expression levels of MT1, MT2, and ZnT-1 mRNAs in cultured SH-SY5Y cells. Thus, the suppressed expression of ZnT-1, MT1, and/or MT2 in SH-SY5Y cells could partly explain emodin suppressed Zn 2+ influx into neuron cells.
Mounting evidence have pointed out that excessive accumulation of Zn 2+ in neurons causes reduction of cellular NAD+ and inhibition of GAPDH [6, 7] . Intracellular NAD+ level is known to be a critical determinant of neuronal survival [35] . It was reported that addition of exogenous NAD+ reduced zinc-induced neurotoxicity [35] . Additionally, Zn 2+ induced a progressive decline of ATP level and energy failure in the cytoplasm [36] . Our finding revealed that pretreatment with emodin ameliorated a decrease in intracellular NAD+ and ATP levels caused by Zn 2+ exposure. These results suggest that emodin-induced reduction in intracellular Zn 2+ accumulation protects against zinc-induced neurotoxicity via rescuing the generation of NAD+ and ATP. On the other hand, it has been suggested that intracellular Zn 2+ could mediate ER-stress [37] . ER-stress is caused by the accumulation of unfolded or misfolded proteins in the ER and increase in production of ROS [38] . Evidence revealed that Zn 2+ entry into cytoplasm through the mitochondrial Ca 2+ uniporter resulted in mitochondrial dysfunction and ROS generation [39] . Moreover, excess accumulation of ROS and destruction of Zn 2+ homeostasis might lead to neurodegenerative diseases [40] . Our findings supported that emodin significantly inhibited ROS generation and decreased the zinc-induced CHOP, GADD34, and ATF4 protein overexpression, implying that emodin may protect against zinc-induced neurotoxicity in neuroblastoma SH-SY5Y cells by blocking the production of ROS and ER-stress.
Several studies demonstrate that AMPK is a regulator of cellular energy homeostasis [41] and is related to neuronal survival and death especially under ATP deprivation [42] . Excitotoxicity or ischemic brain injury in a rat model was significantly attenuated by the inhibition of AMPK and ACC activity [25, 43, 44] , which suggested a role of AMPK and ACC in neurotoxicity. Our present study showed that AMPK/ACC were activated in zinc-induced neurotoxicity in neuroblastoma SH-SY5Y cells. Furthermore, AMPK activation caused a negative impact on emodin-pretreated neuron cell viability, which indicated that emodin improved zinc-induced neurons apoptosis and increased neurons viability via inhibiting the AMPK signaling pathway.
In summary, we provided evidence that emodin could inhibit the influx of Zn 2+ into neuronal cells, and the decrease of intracellular Zn 2+ level prevented the depletion of NAD+ and ATP, inhibited the generation of ROS and ER-stress, and inactivated the AMPK/ACC signaling pathway, thus inhibiting neuroblastoma SH-SY5Y cell apoptosis and playing a neuroprotective role. Accordingly, emodin may be useful as a drug for the treatment of VD or PD.
